Dead End (DND1) is an RNA-binding protein essential for germline development through its role in the clearance of AU-rich mRNAs. Here, we present the solution structure of its tandem RNA Recognition 2
Introduction
Post-transcriptional gene regulation (PTGR) is orchestrated by an interplay between mRNA sequence and structure and its dynamic interactions with RNA binding proteins (RBPs). RBPs instantly cover mRNA transcripts as they are transcribed and are essential for all aspects of RNA metabolism like maturation, transport, cellular localization and turnover. Differential gene expression patterns depend on tissue-specific RBP levels and their combined interactions with the transcriptome. Misregulation of this process due to mutations in the RBPs or RNA they bind to is at the origin of a plethora of genetic diseases 1 . Understanding how RBPs specifically recognize their mRNA targets and how this is connected to their downstream fate is therefore crucial to understand the complex PTGR networks involved in health and disease.
The germline is composed of highly specialized cells which must preserve a totipotent genome through generations. It succeeds in this through a highly specialized RNA metabolism regulating a highly complex transcriptome 2, 3 . Whereas 8% of all human proteins show highly tissue-specific expression, this is the case for only 2% of RBPs and the majority of these are found in the germline, reflecting its unique specialization 4, 5 .
Dead End (DND1) is one of these few germline-specific RBPs. Conserved in vertebrates, it is essential for the specification and migration of primordial germ cells (PGCs), pluripotent germline precursors, to the future reproductive organs. These processes occur early in embryogenesis by blocking the expression of somatic genes, controlled by extensive post-transcriptional regulation 3, 6 . DND1 deletion causes loss of PGCs by reactivation of somatic gene expression patterns in zebrafish 7, 8 . In mice, truncations of DND1 (the so-called 'Ter-mutation') lead to male sterility and the formation of testicular teratomas 9, 10 .
Two mechanisms through which DND1 regulates mRNA transcripts have been proposed. First it was shown that DND1 stabilizes specific tumor suppressors mRNAs in a human tumor cell line (p27/CDKN1B and LATS2), as well as Nanos/TDRD7, essential factors for germline development, in zebrafish embryos, by preventing miRNA-mediated repression of these targets through the binding to conserved U-rich regions (URRs) close to miRNA seed sequences in their mRNA 3' untranslated regions (3'UTRs). This would potentially block their accessibility to the RNA-induced silencing complex (miRISC) which would rescue translation 11 . Second, DND1 was shown to have an opposite effect and a wider role in germ cell PTGR by destabilizing a set of transcripts that must be cleared from developing germ cells to ensure survival, through non-miRISC mediated recruitment of the CCR4-NOT deadenylase complex 12, 13 .
Photoactivatable-ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) assays revealed that targets crosslinked to DND1 are enriched in a UUU/UUA triplet and are associated with apoptosis, inflammation and signaling pathways 13 . An additional RNA-Immunoprecipitation (RIP) approach described [A/G/U]AU[C/G/U]A[A/U] as RNA recognition element (RRE) enriched in DND1 targets 9 . Transcriptome sequencing of the Ter mouse line, possessing a truncation in the DND1 gene, just before the formation of teratomas, showed two groups of DND1 targets either up-or downregulated, involved in pluripotency and in differentiation, suggesting a dual role for DND1. Overall, these functional and genome-wide RRE identification studies using high-throughput methods are partly contradictory and the molecular details on how DND1 achieves target specificity remain elusive.
Most RNA binding proteins exert their specific functions by combining several copies of RNA binding domains to increase specificity and affinity to their targets 14, 15 . DND1 has a unique domain structure, carrying two RNA recognition motifs (RRMs) connected by a remarkably short, four-residue interdomain linker, which are followed by a double-stranded RNA binding domain (dsRBD) (Fig. 1A ). This combination of domains is rare among RBPs and is only shared by two other members of the hnRNPR-like subfamily 16 (Figs. S1A, S2). RRMs are the most abundant RNA binding domains in higher vertebrates, binding primarily single stranded RNA 17, 18 . Their conserved canonical fold is a four-stranded anti-parallel -sheet packed on top of two alpha-helices. Their canonical mode of RNA binding involves stacking of two consecutive RNA bases by exposed aromatic residues from the two conserved consensus sequences (RNP1 & RNP2) in the first and third -strands (Fig.   S1B ). The RRM has developed several strategies to increase specificity and affinity towards its targets by using extensions to the canonical fold with structural elements outside the -sheet for RNA recognition and also by employing several copies of the domain. While RRM1 appears to be a canonical RRM, RRM2 on the contrary does not have any aromatic residues in RNP1 and RNP2 (Figs. 1A, S1B, S2). Although several structures of tandem RRM-RNA complexes have been determined [19] [20] [21] [22] [23] [24] , the great majority of them contains combinations of two canonical RRMs. It is therefore intriguing to understand if and how the tandem RRMs of DND1 can eventually cooperate to specifically recognize their RNA targets and if the dsRBD further influences RNA binding.
To address the question of how DND1 recognizes and represses its cellular targets at the molecular level, we first set out to understand the contribution of the three RNA binding domains of DND1 to target recognition. This revealed a crucial role for the RRMs while removal of the dsRBD had no effect on target binding. We then determined the solution structure of the DND1 tandem RRMs in complex with an AU-rich RNA. Our structure reveals binding to seven nucleotides with limited sequencespecific interactions generating recognition of a very degenerate NYAYUNN motif. Both RRMs participate in this RNA recognition via an unprecedented mode of cooperative binding by tandem RRMs. A canonical mode of binding by RRM1 is extended by additional secondary structure elements and contacts to RRM2 originating from -helix 2 which is unique amongst known RRM-RNA interactions. Our structure explains the degeneracies in the RREs found in recent CLIP and RIP studies. Finally, we show, using luciferase-based assays, that an AU-rich RRE is necessary and sufficient for translational repression by DND1 and that mutations in the RNA binding surface of DND1's tandem RRMs rescue target translation. Surprisingly, also removal of the dsRBD recovers translation in full, suggesting that the dsRBD is an essential effector domain likely to recruit destabilizing factors like CCR4-NOT. These results provide the first mechanistic and structural insights into the molecular mechanisms by which DND1 represses a subset of mRNAs and in turn stabilizes the fate of germ cells.
Results

DND1 binds CLIP/RIP targets in cellulo mainly through its RRM1
There is some ambiguity in the published RRE targeted by DND1. It was first reported, using reporter assays, that DND1 binds to U-rich regions (URRs) of approximately 12 nucleotides in length in the vicinity of miRNA seed sequences in the 3'UTR of the CDKN1B/p27 tumor suppressor mRNA, with the sequences UUUUUCCUUAUUU and UUUUUACCUUUU 11 . Much later, genome-wide PAR-CLIP studies defined as RRE a much shorter UUU/UUA triplet 13 and very recently a RIP approach revealed
as RRE enriched in DND1 targets 9 . A single RRM usually binds 4-6 nucleotides 17 . To understand how a protein with two RRMs and a dsRBD recognizes an RNA target, we set out to define the contributions of each domain to RNA binding. We first selected published DND1 targets and validated them using RIP (RNA immunoprecipitation) from HEK293T transiently expressing either wild-type (WT) or mutant FLAG-tagged DND1. Mutant 1-235 lacks the dsRBD but includes the extended RRM2, making it longer than the Ter-mutation truncation 10 , which is located in the middle of RRM2 -helix 2 (Fig. 1A) . R98A is a mutant of the conserved RNP1 sequence in RRM1 (Figs. 1A, S1B). The RIP was followed by quantitative PCR using primers for two DND1 targets revealed by PAR-CLIP and RIP (Fig. 1B) . Phorbol-12-Myristate-13-Acetate-Induced Protein 1 (PMAIP1), a cell cycle regulator promoting apoptosis, is the target with the highest normalized 3'UTR read counts in the PAR-CLIP dataset 13 . Survival of Motor Neuron (SMN) protein is a small nuclear ribonucleoprotein (snRNP) assembly factor. Its pre-mRNA SMN1 is expressed at an order of magnitude lower level than PMAIP1 in HEK293 and is enriched in the RIP dataset 9 . As a negative control, we used solute carrier family 25 member 6 (SLC25A6), with HEK293 mRNA levels in the same order of magnitude as PMAIP1. In our RIP assays using both the full-length WT DND1 and a truncation mutant lacking the dsRBD, the enrichment over the input is increased for the two targets compared to the control (Figs. 1B, S3B) . Pulldown by the full-length R98A mutant results in a level of target enrichment comparable to the negative control pulled down by the WT DND1. These data suggest that RRM1 might be utilized as an essential RNA binding interface in cells, while the dsRBD appears not to be involved in RNA binding, at least for these two abundant targets. The role of RRM2 could not be tested considering the non-canonical nature of this RRM as its RNA interaction surface could not be predicted. Therefore, we next decided to investigate the contribution of the individual RRMs to RNA binding in vitro.
DND1's tandem RRMs cooperatively bind AU-rich RNA with high affinity
To define high affinity RNA targets for the individual RRMs, we recombinantly expressed and purified the separate RRM domains, including the conserved N-and C-terminal extensions (Figs. 1A, S2 ). We then tested their binding to short oligonucleotides derived from the p27 URRs 11 using Isothermal titration calorimetry (ITC) to monitor thermodynamic changes upon ligand binding (Fig. 2) . In addition, we used NMR titrations, series of two-dimensional 1 H-15 N HSQC spectra of protein with increasing RNA concentrations, to observe backbone amide proton chemical shift perturbations caused by RNA binding (Fig. 2B and S4ABC ). We found that RRM2 alone does not bind any of the oligos (Fig. S4A) and that only an oligo including a central adenosine (UUAUUU) has enough affinity to RRM1 to show significant chemical shift perturbations in an NMR titration (Fig. S4B) . The affinity of this UUAUUU oligo to RRM1 is 34.4 M as measured by ITC ( Fig. 2A) . Surprisingly, the affinity to this sequence increased over 7-fold (4.7M KD) when titrated to the tandem RRM domains showing a role for RRM2 in RNA binding. NMR titration of this oligo to DND1 RRM12 indicates a change from fast to intermediate exchange regime on the chemical shift timescale and saturation of most residues at a 1:1 ratio, which is consistent with the increased affinity measured by ITC (Fig. 2B ). Large chemical shift changes throughout the 1 H-15 N HSQC spectrum indicate major structural rearrangements of the tandem RRMs upon RNA binding. Additional NMR titrations showed that only the tandem RRMs, not the single domains, have some affinity to U-rich oligos not containing adenosines or with an adenosine at the periphery such as UUUUUCC and UUUUUAC (Fig. S4C) . To test if the tandem RRMs could bind a longer oligo with even higher affinity, we extended the oligo UUAUUU at the 5' end which resulted in a modest increase in affinity to the tandem RRMs (1.2 M KD for UCCUUAUUU, Fig.   S4D ) and an extended oligo with cytidines following the central adenine (UUUUUACCU) resulted in a decrease in affinity to 8.2M (Fig. S4E) . The in vitro binding measurements are summarised in Table   S2 . Taken together the results above indicate that the DND1 tandem RRMs cooperatively bind AU-rich RNA targets of approximately 5 nucleotides in length, with the highest affinity when the adenine is in a central position.
The solution structure of DND1's tandem RRMs bound to CUUAUUUG RNA To understand the mechanism of cooperative binding of DND1's tandem RRMs and their preference to AU-rich over U-rich RNAs, we solved the structure of the extended RRM12 in complex with an RNA target using NMR spectroscopy (Table 1, Fig. 3) . We chose the 8-mer oligo CUUAUUUG for our structure determination as we expected capping the high-affinity UUAUUU oligo with other types of nucleotides to facilitate resonance assignment. The assignment procedure of protein and RNA and the structure calculation protocol is outlined in the STAR Methods details. DND1 RRM12 showed poor solubility and in the final stages of purification was purified in complex with the target RNA. Use of selectively ribose 13 C-labeled CUUAUUUG RNA prepared by solid phase synthesis from phosphoramidites helped resolving spectral overlap of critical residues, greatly aiding assignments of resonances and intermolecular NOEs (Fig. S5A) . We could calculate a precise structural ensemble of this 27.5 kDa protein-RNA complex using unambiguous intra-protein (4947), intra-RNA (150) and intermolecular (103 , Table S3 ) NOE-derived distance restraints. The isolated domains within this ensemble of 20 conformers converge to a root mean square deviation (RMSD) of 0.95 Å (RRM1), 0.57 Å (RRM2) and the U3A4U5U6U7 RNA nucleotides to an RMSD of 0.6 Å for all heavy atoms (Figs. 3AB, Table 1 ). The global complex was initially less well defined due to a lack of direct contacts between RRM1 and RRM2 and a limited number of restraints that could orient the domains through the RNA. We did expect a well-defined orientation between RRM1 and RRM2 in the complex though, as 15 (Fig. 3C , Table 1 ).
Our structure reveals a number of unusual structural features including unprecedented modes of RRM:RNA recognition. The fold of RRM1 is non-canonical with the conserved N-terminal extension folding into a -hairpin packed on top of an N-terminal -helix. This structural element is tightly packed against the side of the RRM1 to create an extended surface (Fig. 3A) , in an identical fashion as the extension of RRM1 in the RNA-binding protein hnRNPQ/SYNCRIP 25 . This extended RRM (eRRM) fold is conserved in all members of the hnRNPR-like family of RNA binding proteins (Figs. S1, S6). RRM2 is followed by the conserved C-terminal helical extension lacking contacts to the core canonical RRM2 fold (Fig. 3B) , as confirmed by the relaxation data which shows this helix tumbling independently in the tandem RRM-RNA complex (Fig. S5B) . The RNA is bound in a canonical 5' to 3' fashion over 4 through to 2 using the RNP residues of RRM1 but is sandwiched between the two domains ( Fig. 3D) , burying the central UAUUU nucleotides in a positively charged channel (Fig. 3E) . In addition to the primary RNA binding surface on RRM1, the conserved N-terminal hairpin extension is used to extend RNA binding for a longer sequence compared to canonical RRMs. Finally, and most surprisingly, this RNA binding is stabilized by RRM2 using an unprecedented binding pocket formed by RRM2 -helix 2 and the edge of its 4, while the non-canonical -sheet of RRM2, missing conserved aromatic RNP residues, is turned away from the RNA. Additional protein-RNA contacts are facilitated by the backbone and sidechains of the four-residue interdomain linker. This structure explains well the increase in RNA binding affinity of the tandem RRMs compared to RRM1 in isolation.
Structural details: specific readout by DND1's tandem RRMs DND1's tandem RRMs directly bind primarily the central 5 nucleotides (bold) of CUUAUUUG RNA (Fig. 4) . The intermolecular contacts are represented in a schematic fashion in Figure 4A . U3 and A4 are bound in a canonical fashion over the RRM1 β-sheet surface, their bases interacting with β4 and β1 respectively. The U3 O2 is hydrogen-bonded to the C132 sidechain and its sugar ring contacts L130. The A4 base is stacked on F61 in RNP2 and its sugar ring interacts with F100 from RNP1 in a canonical manner (Fig. 4B ). This is illustrated by unusual chemical shifts of the A4 ribose carbons and protons (Fig. S5A) . The A4 base is sequence-specifically recognized via hydrogen-bonds to its Hoogsteen edge (N4 amino and N7) from side-chains and main-chains of the highly conserved interdomain linker (R133, S134 and T135) (Figs. 4B, C) . We see variability in the H-bond partners to A4 in the structural ensemble, which reflects the exchange-broadening we observe for the backbone resonances of these linker residues.
From U5 onwards the protein-RNA interactions deviate from canonical binding. While in a canonical RRM the U5 base would be expected to stack on the RNP2 Y102, here U5 rather stacks on top of the A4, as evidenced by strong NOEs between A4 H1' to the U5 H5 and H6 resonances and weaker NOEs between A4 H8 to the U5 H6 resonance (Table S3 ). The sugar ring of U5 is packed against Y102, F100 and M90 ( The most surprising element of the structure is the involvement of a highly conserved binding pocket of RRM2 in the specific recognition of U6. U6 lies under RRM2 -helix 2 with its ribose ring in contact with A193, M194 and K197 and its base carbonyl O4 hydrogen-bonded by both the NH3 of K196 and the sidechain HE1 of W215 (Fig. 4D ). Contacts to the U6 and U7 phosphate groups by H189 and K197 side-chains, respectively, further stabilize the U6-RRM2 interaction, defined by a large number of intermolecular NOEs (Fig. S5A ). These interactions with RRM2 -helix 2, grabbing the U6 nucleotide like a claw, allow for an unusual reversal of the RNA backbone direction at U6 which is rotated by 120 degrees (around a vertical axis in Fig. 4D ) compared to U5. The contacts to the U6 phosphate group by R88 and Q39 of RRM1 ( The U7 phosphate is fixed by a salt bridge to K197 on RRM2 while the sidechain NH2 of N37 on the tip of the N-terminal eRRM hairpin extension interacts with the G8 phosphate (Fig. 4D ). The U7 base is not sequence-specifically recognized. Finally, the G8 nucleotide is not well defined. Overall, in this conformation all phosphate groups from U3 to G8 are hydrogen-bonded to one or two protein side-chains with some originating from the RRM1 extension (N37 on -strand -1 and Q39 on -strand 0). Altogether this structure suggests the recognition of a N2Y3A4Y5U6N7N8 consensus sequence (where Y is a pyrimidine) by DND1s tandem RRMs as in the positions of U3 and U5 cytosines could be accepted while keeping the H-bond network at least partly intact.
The binding topology on the eRRM1 and RRM2 is unprecedented with for the first time the involvement of a nucleotide binding pocket in -helix 2 of an RRM. As the -hairpin extension and RNA binding residues on eRRM1 are conserved in the hnRNPR-like family of RNA binding proteins (Figs. S1, S6) it is likely that the RNA binding mode of the eRRM1 is conserved. Although the interdomain linker, comprised of amino acid residues TEK, is unique for DND1 within this family, it is possible that the linkers of the other family members could bind RNA in a similar fashion but using an alternative H-bonding network. Notably, DND1 is the only family member with a noncanonical -sheet binding surface for RRM2, lacking aromatic residues.
Mutation of key RNA binding residues compromises the RNA interaction in vitro.
To further understand the structure, we replaced several RNA interacting residues of DND1's tandem RRMs with alanine and tested the effect of these substitutions on RNA binding by NMR titrations, after making sure that the protein fold was not affected (Fig. S7A) . The mutant of a canonical RRM1 RNP residue R98A failed to bind CUUAUUUG (Fig. S7B ), confirming in vitro that the eRRM1 is the primary RNA binding surface of DND1 as shown by our RNA-IP and qPCR experiments (Figs. 1B, S3 ). Of note, other RRM1 RNP mutants could not be tested. Although we could express mutant F61A, it precipitated during the purification, while Y102A could not be expressed in the soluble fraction at all, despite the fact that its equivalents were used in several studies as RNA binding mutants 11, [26] [27] [28] . Although its solubility in cellulo and in vivo might be improved, its inactivity could result from an overall instability of the protein. Mutation of M90 on β2 of eRRM1, a residue interacting with U5, also abolishes RNA binding ( Introduction of an AU-rich RRE into a reporter gene 3'UTR is necessary and sufficient for target repression by DND1
To investigate how the reduced RNA binding caused by these mutations affects DND1's function in cellulo, we set out to test these single amino-acid mutants in the context of the full-length protein, in a luciferase-based gene reporter assay. Kedde et al. used such assay earlier to show that DND1 protects certain mRNA targets from miRNA-mediated repression 11 . As reporter, we transfected the psiCHECK2 dual luciferase plasmid with a partial p27/CDKN1B 3'UTR sequence into HEK293T cells.
The partial UTR, cloned downstream from the Renilla luciferase ORF, contains two miR-221 seed sequences and two putative DND1 binding sites, identical to the sequence shown by Kedde et al. 11 to be sufficient for protection of the target by DND1. Upon co-transfection of a miR-221-3p mimic (miRIDIAN, Dharmacon), we unexpectedly observed an increase of the luciferase activity compared to the co-transfection of a negative control scrambled miRNA mimic, contradicting the expected repression (Fig. S8) , a hitherto undescribed off-target effect of this system. Introduction of a plasmid expressing FLAG-tagged wild-type DND1 had a repressive effect on p27-3'UTR targets independent of which miR-mimic was transfected -either the miR221-mimic targeting the UTR or the negative control -while the DND1-mediated target repression was only significant in the presence of the negative control miR mimic. We conclude that DND1 has a repressive effect on the p27/CDKN1B 3'UTR target independent of targeting by a miRNA in this system, but due to the significant off-target effects of the miR-221 mimic, we cannot reliably use this system to investigate the role of RNA binding in DND1-mediated repression.
To more reliably investigate the DND1-mediated target repression observed, we inserted the full 3'UTR from the telomerase reversed transcriptase gene (TERT) into the psiCHECK2 dual luciferase plasmid. It is not expected to be targeted by DND1 as it lacks AU-rich regions and was not found among the recent CLIP and RNA-IP DND1 target datasets 9, 13 . Upon transfection of this reporter into HEK293T cells together with expression plasmids for either wild-type or mutant full-length FLAGtagged DND1, we do not observe any effect on luciferase activity (Fig. 5 ). Yet, insertion of a single UAUUU (the central pentanucleotide bound to the tandem RRMs in our structure) into the TERT 3'UTR is sufficient to reduce luciferase upon transfection of wild-type DND1. This reduction is significant if two consecutive UAUUU sequences (spaced by a UUUU tetranucleotide) are introduced.
Transfection of the R98A eRRM1 RNP mutant or the truncation mutant lacking the dsRBD (DND1 1-235) rescues the luciferase activity. These results indicate that the presence of an AU-rich RRE in the 3'UTR is necessary and sufficient for DND1-mediated target repression. While the dsRBD-truncation mutant is unable to repress targets here, our RNA-IP followed by q-RT-PCR (Figs. 1B, S3) show that it is not deficient in RNA binding, so RNP-mediated RRE recognition by DND1's tandem RRMs is necessary, but not sufficient for target repression. This suggests that the dsRBD might have a downstream role in DND1-mediated gene repression that is apparently independent of RNA binding.
Discussion
Unique arrangement of DND1's tandem RRMs dictates conformation, orientation and accessibility of bound RNA We determined the solution structure of DND1's extended tandem RRMs in complex with AU-rich RNA and show the molecular details of target RNA recognition by this RNA binding protein that is essential for germ cell survival in higher vertebrates. Previously solved tandem RRM-RNA complexes have shown either formation of a cleft, like Sex-Lethal (Sxl) 29 and Human Antigen D (HuD - Fig. 6A ) 24 , or extended surfaces (Poly-A Binding Protein (PABP - Fig. 6B ) 20 and TAR DNAbinding protein 43 (TDP-43 - Fig. 6C ) 22 by the two canonical -sheet surfaces accommodating the RNA. In all these structures RNA stretches between 8-10 nucleotides are bound in a canonical fashion, with higher affinity and specificity than if a single domain is used. In all the tandem RRMs mentioned above, the bound RNA adopts an extended conformation. The RRM-RRM orientation and RNA binding topology are completely different in our DND1-RNA structure, which is a result of four structural features found so far only in this complex: lack of a canonical RNA binding surface for RRM2, an ultra-short inter-RRM linker, an extended RNA binding surface of eRRM1 and finally, the presence of an unprecedented RNA binding pocket on -helix 2 of RRM2. The complex embeds only a short canonical RNA binding stretch (U3-A4), which is followed by binding of U5-U7 in a very unusual manner. Indeed, U6 is bound by RRM2 -helix2, resulting in a 120-degree rotation of U6 compared to A4 and the U7 ribose is bound by the tip of the eRRM1 extension. Binding by the linker residues supports the RNA in this unique conformation, its short length being likely crucial to bridge nucleotides specifically recognized by RRM2 and eRRM1. The path of the RNA backbone is reversed, and the RNA is more compacted than in previously determined tandem RRM-RNA complexes, the U3-G8 phosphates spanning approximately 21-23 Å (Fig. 6D) , while e.g. in PABP an equivalent stretch of 6 nucleotides spans approximately 26-28 Å (Fig. 6B) . Such backbone reversal capacity might help to fold the RNA, or the tandem RRMs might be suited to recognize an RNA that is in an extended stem-loop conformation. Also, the central RNA residues are not solvent accessible compared to other tandem RRM-RNA complexes. This structural feature would be consistent with the possibility that DND1 acts as a steric inhibitor of effector complexes targeting proximal binding sites like suggested for the miRNA seed sequences targeted by miRISC in p27/CDKN1B and LATS2 11 .
Structural extension of the eRRM1 increases RNA binding affinity and stabilizes a backbone turn in the recognized RNA.
While several extensions to the canonical RRM fold have been described, either extending the -sheet surface by one or several strands or adding an -helix at the N-or C-terminus 14 , the DND1 N-terminal extension of a -hairpin packed on a third -helix is so far restricted to the hnRNPR-like family of proteins (Figs. S1, S6 ). An X-ray structure of such eRRM from another member of this family, SYNCRIP/hnRNPQ in its free form has been published recently 25 and is highly similar to the DND1 eRRM1 with the exception of the formation of the 3'/3'' hairpin and a small shift in the orientation of the N-terminal extension. These differences are likely due to RNA binding in our structure or the presence of an additional N-terminal acidic domain (AcD) found in the SYNCRIP structure. Our structure reveals that this -hairpin packed on a third -helix is essential for increasing the affinity to the RNA by fixing the backbone of U7 and G8 on the eRRM1 via N37 and Q39 (Figs. 4D, E) . Therefore, it is crucial for stabilizing the turn in the backbone observed in our complex. This is reminiscent of other extensions found in the RRM contributing to RNA binding like the -hairpin found in FUS RRM 30 (Fig. 6E ) and the fifth -strand of PTB RRM2 31 (Fig. 6F) .
The hrRRM2 presents a novel RNA binding pocket and its integrity is necessary for DND1 function.
We have shown that the primary RNA interaction interface of DND1 lies on eRRM1. It is the proximity of the second RRM, lacking a canonical RNA binding interface, but presenting a novel pocket for stabilization of this primary binding, that makes the RNA binding topology by DND1's tandem RRMs unprecedented. Structures of several types of RRM domains without aromatic residues on the -sheet surface have been described 14 . The qRRMs of hnRNPF use their β1/α1, β2/β3, and α2/β4 loops for recognition of G-rich sequences 32 , while the ΨRRM of SRSF1 uses a conserved motif in the -helix1 for purine-rich RNA binding 33 . However, our structure is the first example of an RRM mediating RNA binding via -helix2. We propose to call an RRM using this interface for RNA binding the hrRRM for hnRNPR-like family related RRM. We demonstrated the importance of the binding pocket on RRM2 by mutational analysis using in vitro binding assays (Fig.   S7B ). It is also supported by its almost full conservation, not only in DND1 (Fig. S2) but also other members of the hnRNPR-family (Fig. S6) . Thus, its RNA binding mode is likely to be conserved. Our RRM2 structure is highly similar to the structure of the free RRM2 of RBM46 (RNA binding motif protein 46, PDB: 2DIS) 34 including the orientation of the residues of the novel binding pocket. The importance of this pocket for DND1 function was demonstrated in functional studies in zebrafish where the equivalent to the K197 mutant (K200T) was the only mutant outside of RRM1 causing loss of function 28 . Nearly all other loss-of-function mutants in this study can be explained using our structure.
We already discussed the zebrafish Y104 RNP mutant: the equivalent of Y102 in humans, is unstable in vitro. Even if it would be stable in vivo, interactions with U5 would be lost. The equivalents of Y72, F89 and H121 in zebrafish dnd1 are Y70, F87 and H119 in human DND1. They are important structural residues stabilizing the RRM fold. Y70 is particularly important for interaction between -helices 0 and 1 in eRRM1, linking the core RRM fold and the N-terminal eRRM extension. Mutation of these residues most likely disrupts the fold of eRRM1. The only loss-of-function mutant that is not that easily explained is N94K, a mutant of the equivalent T92 in the human protein, situated in the 2-3
loop. This residue is in close proximity to G8 in our structure, but not well enough defined to interpret a specific interaction with the RNA. In the context of a longer RNA it could very well be involved in such specific binding. Finally, it should be mentioned that the Ter mutation, causing germ cell loss and testicular teratomas in mice 10 , is a truncation at the equivalent of R190 in -helix 2, demonstrating that RRM2 and the dsRBD are essential domains for DND1 function. The novel binding pocket in RRM2 increases affinity and specificity to the readout of eRRM1 and creates a remarkable turn in the RNA backbone.
Limited sequence specificity leads to plasticity of RNA recognition
The RNA recognition observed in our structure unifies seemingly contradictory data present in the literature as to the RNA recognition elements found enriched in DND1 targets. In fact, a combination of a UUA/UUU triplet as enriched in CLIP 13 was used in our structure determination as the RNA target.
The motif Y3A4Y5U6N7N8 derived from our structure also fits with the [A/G/U]AU[C/G/U]A[A/U] motif enriched in RIP targets 9 . Moreover, this motif may be interpreted as a repetition of the UAU motif, containing 2 adenines that are specifically recognized in our structure. We have not tested binding to an oligonucleotide containing two spaced adenines, but the avidity effect of RBPs binding to repetitions of high affinity motifs, increasing affinity, has been demonstrated for several other RRMcontaining proteins: hnRNPG 35 , PTB 31 , hnRNP C 36 and more recently HuR 37 . Our structure also provides some insight how the residues outside of the YAY motif could be recognized. For example, the binding pocket on RRM2 specifically recognizing U6 in our structure (Fig. 4D) could not accommodate a C without losing the double H-bond to the O4. Indeed, when comparing the binding of UUUUUACCU and UCCUUAUUU using ITC (Fig. S4) , we observe an eight-fold reduced affinity.
Overall, it looks like DND1's tandem RRMs demonstrate a certain plasticity for RNA recognition where a range of sequences can be bound, but a Y3A4Y5U6 is necessary for high affinity binding. Such high affinity binding could be a prerequisite for the activation of downstream processes like the recruitment of repressing factors like the CCR4-NOT complex 38 . Here, we propose that the tandem RRMs bind RNA in a two-step mechanism. In a first step a range of sequences may be preselected by low affinity binding in order to attach DND1 to scan the 3'UTR ( Fig. 6G panel a) . Upon encountering a high-affinity YAYU element the DND1 pauses at the central adenine (A4), while RRM2 locks the uridine (U6) in its hrRRM binding pocket which can then initiate downstream processes from a fixed position (Fig. 6G   panel b) .
Role of the dsRBD
We have shown that DND1's tandem RRMs, like the majority of RRMs, are relatively sequence tolerant 14 . On the other hand, we know that linear sequence motifs are often insufficient to fully capture RBP binding specificities 39 . Specificity may be increased due to contextual features, either in the form of bipartite motifs, such as recently found for FUS 30 , preference for a nucleotide composition flanking a high affinity linear motif, or due to the favoring of specific structural motifs adjacent to the linear motif.
The fact is that while the RNA binding surfaces of the tandem RRMs are highly conserved within the hnRNPR-like family of proteins, the sequences of the dsRBDs of DND1, RBM46 and ACF1 (APOBEC1 complementation factor) are not that well conserved (Fig. S6B) . Thus, DND1's highly specialized function in germline development might originate from this domain. We have shown that DND1's dsRBD is required for target repression, presumably through direct or indirect recruitment of effector proteins like the CCR4-NOT complex, but also that DND1's dsRBD is not essential for RNA binding (Figs. 1B, S3) . Although DND1's dsRBD lacks some canonical RNA recognition residues 40 ( Fig. S6B) , we cannot exclude a non-canonical RNA binding surface to contribute to the binding to a set of targets. The dsRBD could increase DND1's target specificity by recognizing a stem-loop motif adjacent to the linear motif recognized by the tandem RRMs. While we know that 3'UTRs are highly structured not only in vitro but also in vivo 41 , it is to be investigated if the 3'UTRs in the vicinity of the linear motifs targeted by DND1 are indeed enriched in secondary structure. Further structural studies should be undertaken to confirm that such structures can indeed be recognized by the full length DND1. Another possibility for increasing target specificity by DND1 is cooperation with a binding partner, as has been reported for NANOS2 42 , which has also been shown to interact with CCR4-NOT 12,43 , or other germline-specific RNA binding proteins.
DND1 as a germline-specific AU-rich element binding protein
DND1 binds UAUU which is contained in AU-rich sequence elements (AREs) in 3'UTRs that have been known for many years to target mRNAs for rapid degradation in mammals. AREs are divided into three classes with respect to the copy number of the canonical pentamer AUUUA sequence: several copies are dispersed between U-rich regions in class I, clustered in class II, while class III are predominantly U-rich but lacking these canonical pentamers 44 . More than 20 AU-rich RNA binding proteins (AUBPs) have been identified, they control the fate of ARE-mRNAs 45 . Because DND1 CLIP and RIP-enriched targets do not necessarily contain the canonical ARE AUUUA pentamer target sequence, DND1 can be classified as a germline-specific AU-rich RBP (AUBP) targeting class III AREs. The recruitment of degradation machineries to mRNAs for their destruction is a unifying mechanism between several AUBPs [46] [47] [48] , which is likely shared by DND1.
As multiple AUBPs may modulate the stability and translation of a single ARE-mRNA, questions of functional redundancy and additivity or antagonism arise. It is likely that variations in the relative amounts of mRNAs, the AUBPs present in a certain cell type or developmental stage and in the binding affinities, determine both the identity of the targeted mRNAs and their fate 38 . Therefore, the sole fact that DND1 is specifically expressed in the germline will be a major contributing factor to its target specificity. This obviously questions the relevance of recognition motif derivation in large-scale DND1-RNA interaction studies performed in non-native cell types with transcriptomes differing from developing germ cells and using cross-linking that might overrepresent low affinity motifs. The structural and biophysical work in this study contributes to the understanding of what the requirements are for a high affinity motif for DND1 and helps to reinterpret previous studies in order to understand the complex gene regulation networks during germline specification.
We have demonstrated that DND1 prefers AU-rich over U-rich RNAs and that a central adenine is required for high-affinity binding. The adenine is specifically recognized by the eRRM1 binding pocket involving RNP2 and the interdomain linker (position 'N1'). This contrasts with the RRM3 of another AUBP, HuR, that recognizes both AU-rich and U-rich sequences with similar affinities, the latter slightly higher due to an avidity effect 37 . Adenines are bound by HuR RRM3 in two different positions:
either on the periphery, or -strand 3 using RNP1 (position 'N2'). Adenines are important to localize the protein at a precise position within the 3'UTR. Such a 'locking' mechanism is also present for the cytoplasmic polyadenylation element (CPE)-binding (CPEB) family of RNA-binding proteins. These RBPs bind the CPE sequence UUUUAU, which activates translation by cytoplasmic polyadenylation.
The CPEB4 and CPEB1 tandem RRMs bind a UUUUA pentanucleotide sequence-specifically 19 . While the uridines are bound by RRM1, the adenine is specifically recognized by RRM2 using RNP2 (position 'N1'). RRM1 in isolation has low affinity to U-rich RNAs and RRM2 does not bind U-rich sequences. Therefore, it is proposed that the protein is recruited to U-rich motifs through RRM1, after which it scans the 3'UTR in an open conformation until it encounters an adenine in a consensus CPE and locks the protein on this sequence. This is a similar mechanism as we propose here for DND1, although in our case the scanning for a high-affinity motif likely happens in a closed rather than open conformation as the isolated RRM1 does not bind U-rich sequences. This original mode of RNA target selection therefore appears to be a general mechanism for cytoplasmic RNA binding proteins regulating RNA via their 3' UTR.
In conclusion, we provide here the first structural and mechanistic insight into the molecular Immunoprecipitation from HEK293T cells transiently expressing FLAG-tagged DND1 or its mutants followed by qPCR using primers for published DND1 targets and a negative control (Table S1 ).
Technical triplicate of a representative plot of three independent experiments is presented as relative enrichment over the input (2 - (Fig. S3B) . 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Frédéric Allain (allain@mol.biol.ethz.ch).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
HEK293T cells were cultured in Dulbecco's Modified Eagle Medium (DMEM, Sigma) containing 10% fetal bovine serum (FBS, Sigma) including antibiotics (0.05 mg/mL of streptomycin, and 50 U/mL of penicillin (Sigma)) in a humidified incubator (Thermo Scientific Heraeus Series 6000 Incubators, Thermo Scientific) with 5% CO2 at 37ºC.
METHOD DETAILS
Protein expression and purification Table S1 . They were cloned into the pET-M11 vector (EMBL) with an N-terminal TEV-cleavable 6xHis-tag between the NcoI and Acc65I restriction sites, using BbsI instead of NcoI to cut the insert to circumvent insert-internal restriction sites. Protein mutants were obtained by PCR-based site-directed mutagenesis with the pET-M11-RRM12 (12-235) plasmid as a template according to the QuikChange protocol (Stratagene) and the primers listed in Table S1 .
All protein constructs were expressed in E. coli BL21(DE3) cells (Novagen) in Studier-medium P-5052 supplemented with 15 NH4Cl or P-50501 supplemented with 15 NH4Cl and 13 C-glycerol (CIL).
Precultures were grown in PA-0.5G medium 50, 51 . Random fractionally deuterated protein for recording of triple-resonance spectra for backbone assignment was expressed in 100% D2O (CIL) in which the media components were directly dissolved. Protein was expressed for 60h at 15°C in the presence of 100 µg/mL Kanamycin. Cells were harvested by centrifugation at 4 °C, 15 min at 2,600g, and the cell pellet was resuspended in lysis buffer (20 mM Tris, pH 8, 1 M NaCl, 0.2%
Triton-x-100 (w/v), 10 mM imidazole, and 2 mM 2-mercaptoethanol). Cells were lysed with two freeze-thaw cycles and three passes through the Emulsiflex cell cracker (Avestin). Before lysis 0.5mg/ml lysozyme, 25ug/ml DNAseI and 1mM Pefabloc SC (Sigma-Aldrich) was added. After 
RNA samples
Unlabeled RNA oligonucleotides were purchased from Dharmacon, deprotected according to the manufacturer's instructions, lyophilized and resuspended twice in water for large-scale protein-RNA complex production or NMR buffer for titrations or ITC (20mM MES pH 6.6, 100 mM NaCl).
For the solid phase synthesis of selectively ribose-labeled oligos 2′-O-TOM protected ribonucleoside phosphoramidites and solid supports containing [ 13 C5]-labeled ribose moieties were synthesized as described, followed by their sequence-specific introduction into the CUUAUUUG oligo 52 .
NMR sample preparation of Protein-RNA complexes 
Immunoblotting analysis of protein expression and antibodies
Total cellular protein was extracted from 6x10 5 HEK293T cells using a RIPA buffer (1% NP-40, 150
mM NaCl, 50 mM Tris-HCl pH 8.0, 0.5% Sodium deoxycholate, 0.5% SDS) complemented with EDTAfree protease inhibitor cocktail (Roche) followed by brief sonication. Protein concentrations were determined by DC Assay (Bio-Rad). For each sample, 14 µg of total cellular protein was separated on 12% SDS-PAGE gels and transferred on PVDF membranes. The following antibody was used: FLAG-M2-HRP (SIGMA, A8592). Immunoblots were developed using the Clarify TM Western ECL substrate (BioRad) kit and were detected using an imaging system (ChemiDoc TM MP -BioRad). All membranes were stained using a coomassie blue staining solution to ensure equal loading. The analysis was performed in triplicate.
RNA immunoprecipitation
The RNA-immunoprecipitation (RIP) procedure was adapted from Vogt and Taylor 
NMR data collection and assignments
All NMR spectra were recorded at 298K on Bruker AVIII600 MHz, AVIII700 MHz, and Avance 900
MHz spectrometers equipped with cryoprobes and a Bruker AVIII750MHz spectrometer using standard NMR experiments if not mentioned otherwise 55 . The data were processed using Topspin 3.1 (Bruker) and NMR Pipe 56 and analyzed with NMR-FAM-SPARKY 57 . Sequence-specific backbone assignments were 93% complete for non-proline residues and were obtained from 2D 1 H-15 N HSQC, Heteronuclear NOE values are reported as the ratio of peak heights in paired spectra collected with and without an initial period (4 s) of proton saturation during the 5-s recycle delay. 15 N T1 and T2
values were measured using TROSY-based pseudo-3D experiments employing flip-back pulses and gradient selection 60 . T1 spectra were acquired with delays, T = 40, 150, 300, 500, 900, 1500, 2200
and 3000 ms, T2 spectra were acquired with CPMG delays, T = 17, 34, 51, 68, 103, 137, 188, and 239 ms. 15 (anisotropic dataset). RDCs were derived by subtracting the isotropic from anisotropic 1 H chemical shift differences between TROSY and anti-TROSY spectra recorded in an interleaved manner. Only un-overlapped peaks were analyzed and RDC restraints were employed only for structured residues with 15 N het-NOE values larger than 0.6. The RDC rhombicity and anisotropy components were determined in CYANA by grid-search using an initial protein structure and further refined in subsequent structure calculations.
Structure calculation and refinement
Intramolecular protein distance restraints were derived from 3D 1 H-15 N NOESY (tmix = 80ms) and 3D 1 H-13 C HMQC-NOESY (tmix = 70 ms), 3D 1 H-13 C HSQC-aroNOESY (tmix = 80 ms) and 2D NOESY (tmix = 80 ms). The protein resonance assignments of the tandem RRM-CUUAUUUG complex and a list of manually assigned protein core NOEs were used as input for automatic peak picking and NOESY assignment using ATNOSCANDID 62, 63 in a two-step procedure. First intra-RRM NOEs were assigned by including only resonance assignments for one individual RRM in two separate runs. Second an ATNOSCANDID NOE assignment was performed using all resonance assignments. In this run a list of upper limit distance restraints combining the restraints obtained in the runs performed with assignments for the individual RRMs was included. This procedure was found to be necessary to obtain the correct global topology for the two RRMs. The resulting peak lists were then checked and supplemented manually with additional picked peaks and several critical manual NOE assignments.
The optimized NOESY peak lists from this procedure were re-assigned with the NOEASSIGN module of CYANA 3.96 64 while iteratively adjusting and keeping key manual assignments fixed during iterative refinement of the structure. Intra-protein hydrogen bonds were identified for HN resonances which were protected during hydrogen-deuterium exchange by reference to intermediate structures and added as restraints in further rounds of structure calculation. Following the determination of the protein structure in the bound state the structure of the complex was determined. Intra-RNA and intermolecular NOESY peaks were picked and assigned manually and calibrated using known distances of H5-H6 cross-peaks of pyrimidines. In structure calculations including the RNA, unambiguous intermolecular NOEs were included first for initial positioning of the nucleotides.
Intermolecular NOEs with ambiguous assignments were then included as ambiguous restraints in CYANA and assigned unambiguously based on preliminary calculations. To further confirm the intermolecular restraints, we back-calculated short intermolecular distances from our final structures and inspected the spectra for completeness of intermolecular NOEs. Final structure calculations in CYANA included intra-protein, intra-RNA and intermolecular NOEs, protein dihedral backbone restraints, intra protein hydrogen bond restraints, and restraints for sugar pucker and syn or anti conformations identified from NOE patterns of H6 or H8 resonances. Protein dihedral backbone restraints derived from TALOS+ 65 and additional manually defined -hairpin turn restraints were used for the N-terminal -hairpin extension. In the final structure calculation 500 structures were calculated with CYANA and the 50 lowest energy structures were selected for refinement with the SANDER module of AMBER12 66 using the ff12SB force field with implicit solvent and 20 were selected based on the criteria of lowest amber energy and lowest intermolecular restraint violations.
Isothermal Titration Calorimetry
ITC experiments were performed on a VP-ITC microcalorimeter (Microcal). Protein was dialyzed in ITC buffer 20mM MES pH 6.6, 100 mM NaCl, 1mM 2-mercaptoethanol. RNA (100-400 µM) was dissolved in ITC buffer and titrated into protein (3.5-11 µM) in 2 µL followed by 8 µL (RRM12) or 10 µL (RRM1) every 300 s at 25 o C with a stirring rate of 307 rpm. Raw data was analyzed in Origin 7.0.
Data deposition
The coordinates for the structural models of DND1-RRM12:CUUAUUUG have been deposited in the Protein Data Bank under ID code PDB xxx, and the assignments have been deposited at BMRB under ID code BMRB: xxx.
